Introduction
Hydroxynitrile lyases (HNLs; EC 4.1.2.10, 4.1.2.11, 4. 1.2.46, and 4.1.2.47), catalyze the cleavage of a-hydroxynitriles (cyanohydrins) to hydrogen cyanide and corresponding aldehyde or ketone. HNLs have been isolated from a wide variety of plants, bacteria, and recently, from arthropods [1] [2] [3] [4] . In these organisms, the hydrogen cyanide released by the action of HNLs provides protection against herbivores or microbial enemies [1, 3, 4] . The reverse enzymatic reaction of HNLs is exploited in chemical industries as an important industrial biocatalyst for the synthesis of chiral cyanohydrins [5, 6] . Cyanohydrins are biologically active compounds used in the synthesis of a-amino alcohols, a-hydroxy ketones, and a-hydroxy acids, which are used as fine chemicals, pharmaceuticals, and agrochemicals, routinely.
HNLs include diverse groups of enzymes belonging to various protein families. Six unrelated structural classes of HNLs have been reported so far; glucosemethanol-choline oxidoreductase [7, 8] , a/b-hydrolase [9,10], carboxypeptidase [11] , zinc-dependent alcohol dehydrogenase [12] , cupin superfamily [13, 14] , and recently solved Bet v1 superfamily [15] . Although these HNLs react with similar or identical substrates, the architectures of their active sites are largely different.
Passiflora edulis, commonly known as passion fruit, is a cyanogenic plant [16, 17] and the previous studies from our group have identified that P. edulis has HNL activity [18] . The HNL of P. edulis, named as PeHNL, catalyzes the synthesis of (R)-mandelonitrile ((R)-MAN) and (R)-methylpropylketone cyanohydrin from benzaldehyde and 2-pentanone, respectively [18] . PeHNL was purified from the plant samples successfully [19] . The cyanohydrin synthesis by PeHNL, via a two-phase system, gives a high enantiomeric purity of~99% ee for the product [19, 20] . PeHNL was successfully cloned and its recombinant protein was expressed in Escherichia coli and Pichia pastoris [20] . PeHNL is the smallest HNL (14 kDa, 121 amino acids) known to date [20] .
In order to elucidate the catalytic mechanism of PeHNL, the crystal structures of PeHNL and its C-terminal peptide depleted derivative were determined first. PeHNL is the first HNL belonging to dimeric a+b barrel (DABB) superfamily. The crystal structure of PeHNL complexed with (R)-MAN was also determined. Based on the crystal structures and the results from the mutational analysis, we have proposed the catalytic mechanism of PeHNL.
Results

Overall structure of PeHNL
The primary sequence of PeHNL shares 32% of amino acid identity with SP1, whose enzymatic activity has been unknown still (Fig. 1) [21] . SP1 shows the maximum sequence identity with PeHNL on BLAST analysis [22] . Using SP1 as a template structure, the crystal structure of His 6 -PeHNL was determined by molecular replacement method at 2.8
A resolution (Fig. 2) . The superposition of PeHNL to SP1 overlaps well and the average root mean square deviations is 0.91 A (99 Ca atoms). Twelve protomers (chain ID from A to L) are found in the asymmetric unit. The two protomers are related by a noncrystallographic two-fold axis and form a b-barrel in the center of dimer, in contrast to the previous suggestions of PeHNL being a monomer ( Fig. 2A) [19] . The structure Identical amino acids and similar ones are highlighted in black boxes and white boxes, respectively. The loop L3 is shown as a hatched magenta rectangle. The residues contributing the reaction are marked with closed green circles. The position for truncation of the C-terminal peptide in PeHNLD 107 is indicated by a downward arrow head. Predicted glycosylation signature sequence, Asn105-Glu106-Thr107, is highlighted in a cyan rectangle. The alignment is drawn by ESpript (http:// espript.ibcp.fr) [50] . of PeHNL belongs to DABB superfamily [23] , which includes monooxygenase, polyketide cyclase, rhamnose mutarotase, etc. [24] [25] [26] . The central b-barrel consists of eight b-strands, four from each subunit. The interface of the dimer contains many hydrophobic residues. The dimer interface area was estimated to bẽ 1700 A by using the protein interactions, surfaces and assemblies (PISA) server [27] . This area is about 24% of the total surface area of protomers and much larger than the interfaces to other protomers (~300 A, 4%). The molecular mass of PeHNLD 107 , the derivative of PeHNL whose C-terminal peptide was genetically depleted, was estimated by static light scattering giving 30.5 AE 0.5 kDa, which corresponds to the molecular mass of the dimer (24.5 kDa). These results indicated that PeHNL acts as a dimer in solution.
The secondary structure of PeHNL consists of three a-helices (a1, 20-36 aa; a2, 71-79 aa; a3, 81-93 aa) and four antiparallel b-sheets (b1, 6-14 aa; b2, 44-47 aa; b3, 62-68 aa; b4, 94-103 aa) (Figs 1 and 2A) . The average root mean square displacement between the 12 protomers of PeHNL is 0.55 A (99 Ca atoms). The large conformational variations are observed in the loop regions and the helix a2, as well as in the N-and the C-terminal regions. The electron density of the Nterminal peptide containing the His-tag and the Cterminal peptides beyond residue 107 are disordered, indicating that these peptides do not form stable structures. The C-terminal peptide of PeHNL contains many hydrophobic residues beyond residue 103 and this region is not conserved in SP1 (Fig. 1) . Recently, Nuylert et al. [20] reported that the glycosylation at Asn105 increased the stability of PeHNL against heat and organic solvents. The glycosylation would counteract with the hydrophobic nature of the C-terminal peptide.
The active site is surrounded by three a-helices (a1, a2, and a3), three b-sheets (b1, b3, and b4), and a loop between b2 and b3 of the neighboring protomer (loop L3, 50-56 aa) (Fig. 2) . Hydrophobic residues of Phe at residue 74, 77, 78, 86, 90, and 91; Ala83; Val10; Leu33; Met40; Val99; and Ile97 are exposed on the surface of the active site. Four hydrophilic residues of His8, Tyr30, Glu54, and Ser66 are also exposed in the active site. A water molecule in the active site forms a hydrogen bond with His8-Ne2 (2.50-3.57 A) and/or Tyr30-OH (2.84-3.56 A) (Fig. 2B) .
The crystal structure of PeHNLD 107 -(R)-MAN complex
In order to improve the resolution of X-ray diffraction, the disordered C-terminal peptide was genetically removed from Thr107 to generate PeHNLD 107 ( Fig. 2A) . The N-terminus of PeHNLD 107 was fused with His-tagged maltose-binding protein (MBP) followed by a TEV cleavage site. After the cleavage with TEV protease, only an extra glycine is left at the Nterminus of PeHNLD 107 . The yield of purified PeHNLD 107 was about 10-fold higher than that of His 6 -PeHNL. The cleavage and synthesis activity of PeHNL to (R)-MAN were slightly higher than those of His 6 -PeHNL (Fig. 3) . Although the unit cell parameters and the arrangement of asymmetric units were almost the same as those of His 6 -PeHNL, the crystals of PeHNLD 107 grown in the presence of 1,6-hexanediol were diffracted up to 1.8 A resolution. All of protomers in the crystal of PeHNLD 107 contained electron density corresponding to 1,6-hexanediol in their active site. In the crystal of PeHNLD 107 soaked with (rac)-MAN, each protomer contained electron density corresponding to either (R)-MAN in chain A, C, F, and K, benzaldehyde in chain I and L, or 1,6-hexanediol in other chains (Fig. 4) . The conformation of (R)-MAN is classified into the two conformation types. In chain A, C, and F, the distances between His8-Ne2 and the hydroxyl group of (R)-MAN are 2.57, 2.53, and 2.53 A, respectively ( Fig. 4A,B) . In chain K, the distance between His8-Ne2 and the hydroxyl group of (R)-MAN was 3. 44 A, suggesting that the reactivity of this conformation type is lower than the former type (Fig. 4C) . We discuss the former conformation type in the following description.
The hydroxyl group of (R)-MAN forms hydrogen bonds with His8-Ne2 (2.53-2.57 A) and Tyr30-OH (2.15-2. 40 A) (Fig. 4A ). The distance between Tyr30-OH and His8-Ne2 is too far to form hydrogen bond (~4.0 A) and hence Tyr30 does not affect a protonation and deprotonation state of His8. The negatively charged nitrile group of (R)-MAN interacts with the carboxyl group of Glu54 at a short distance (2.81-3.12 A), suggesting that Glu54 is protonated. Asn101 does not directly interact with (R)-MAN, but forms hydrogen bonds with His8 and Glu54. On the basis of the proton donating nature of His-Nd1, Asn101-Od1 is considered to interact with His8-Nd1. The distances between His8-Nd1 and Asn101-Od1 are ranged from 2.54 to 2.59 A. The distances between Glu54-Oe1 and Asn101-Nd1 are ranged from 3.07 to 3.13
A. Strong electron density of a water molecule is found between Tyr30 and Ser66 in all protomers (average B-factor, 24 A 2 ). This is the same level as the average B-factor of the residues in the active site (20.4 A 2 ). In the structure of unliganded His 6 -PeHNL, such a strong electron density is not observed at the same position, instead, a water molecule is bound between His8 and Tyr30 (Fig. 2B ). The CPK model of (R)-MAN shows that (R)-MAN is tightly packed in the active site without any extra space (Fig. 4B ). This may explain the high enantioselectivity of PeHNL and why PeHNL did not tolerate bulky substituents at the benzene ring of (R)-MAN [19] . The benzene ring of (R)-MAN is surrounded by hydrophobic residues and a small part of the benzene ring is exposed to the bulk solvent from the entrance (Fig. 4A,B) .
The conformation varieties of Phe78 in the helix a2, and Glu54 and Arg56 in the loop L3 in the protomers of the crystal structure of PeHNLD 107 soaked with (rac)-MAN are shown in Fig. 5 . In the four protomers bound with (R)-MAN (chain A, C, F, and K), Phe78 in the helix a2 form almost the same conformation to fit with the benzene ring of (R)-MAN (Fig. 5, green) . In the protomers bound with benzaldehyde or 1,6-hexanediol (Fig. 5 , magenta and purple, respectively), Phe78 in the helix a2 is located away from the active site and two open conformations of Glu54 in the loop L3 of chain H and I are observed. The open conformations of the loop L3 would facilitate the exchange of products and substrates. The guanidine group of Arg56 has two conformations: one in the conformation of chain F orienting to the nitrile group of (R)-MAN (4.58 A) and Glu54 (3.01 A); and another in chain A, C, and the alternate conformation of chain F orienting away from the nitrile group (~7.0 A) (Fig. 5) . The electrostatic interaction of Arg56 to the nitrile group may contribute to orient the nitrile group.
Mutation analysis of PeHNL
The hydrophilic residues of PeHNL that interact with (R)-MAN were mutated to analyze the catalytic mechanism of PeHNL. The reaction rate of the cleavage and synthesis of (R)-MAN by PeHNL and its mutants are shown in Fig. 3 . These mutations decreased or impaired the activity. Mutations in the residues forming hydrogen bonds with the hydroxyl group of (R)-MAN have varied effects on the reaction rate. H8A mutant was completely inactive, whereas Y30F mutant exhibited a low activity (~5% of wild-type). Thus, His8 is essential for the reaction and acts as a general base to deprotonate the hydroxyl group in PeHNL as observed in other HNLs [7-10,13,14]. The mutants of Asn101 (N101A and N101D) were completely inactive. The hydrogen bond of Asn101-Od1 with His8-Nd1 would stabilize the deprotonation state of His8 to abstract a proton from (R)-MAN as discussed later. The activity of S66A mutant was~10% of wild-type. In the PeHNLD 107 -(R)-MAN complex, a water molecule binds in the small cavity between Ser66 and Tyr30 (Fig. 4) . The transfer of a water molecule bound on His8 in the unliganded His 6 -PeHNL to the cavity upon binding of ligands would be more efficient than the spontaneous release of a water molecule from the active site before substrate binding. Ser66 would act as a reservoir of a water molecule upon ligand binding and stabilize the orientation of Tyr30 indirectly. E54A mutant was completely inactivated, indicating that the arrangement of the nitrile group is necessary for the catalysis. E54Q mutant exhibited low activity (~8% of wild-type), although it could form hydrogen bonds with the nitrile group without electrostatic repelling. The interaction of Glu54 to Asn101 would contribute to the polarization of the His8-Asn101 dyad. The alanine mutation of Arg56 (R56A) exhibited low activity (~5% of wild-type), suggesting the importance of the electrostatic interaction with the nitrile group of (R)-MAN. In SP1, three catalytic residues of PeHNL (Glu54, Arg56, and Asn101) are replaced with Ala, Leu, and Asp, respectively (Fig. 1) and as expected, SP1 does not have the HNL activity (Fig. 3) .
Discussion
The catalytic dyad of PeHNL Although the architectures of the active site of HNLs are largely different, a histidine residue is commonly used as a general base in HNLs belonging to glucose-methanol-choline oxidoreductase [7, 8] , a/bhydrolase [9,10], and cupin superfamily [13, 14] . The mutation analysis indicated that the dyad of His8-Asn101 is a key to the activity of PeHNL. It has been known that the hydrogen bonds of the catalytic His with Asp or Asn generally stabilize the orientation of the imidazole ring and increase the basicity of histidine as reported for serine proteases [28, 29] , a/b-hydrolase type HNLs [30, 31] , and peroxidases [32] . The exchange of the catalytic Asp of a/b-hydrolase type HNLs [10] and the catalytic Asn of peroxidase to Asn and Asp [32, 33] , respectively, largely reduce the activity. However, the mutation of N101D in the His-Asn dyad of PeHNL completely inactivated the activity. This may be caused by the structure destabilization by repelling to neighbor acidic residues, Glu54 and Asp48.
The length of the hydrogen bond between His8-Nd1 and Asn101-Od1 in the PeHNLD 107 -(R)-MAN complex (chain A, C, and F) ranges from 2.55 to 2.66
A. This value is shorter than typical length of hydrogen bond (~3.0 A) and is similar to the length of hydrogen bond of His-Asp dyad in a/b-hydrolase type HNL of tropical rubber tree Hevea brasiliensis (HbHNL) (2.67 A) [30, 31] . In HbHNL, the hydrogen bond between the catalytic His and Asp becomes shortened upon binding to a strong inhibitor, thiocyanate [30, 31] . It is proposed that this complex mimics the transition state of the reaction and the shrinkage of the hydrogen bond increases the basicity of the catalytic His to deprotonate the cyanohydrin hydroxyl (pKa~10.7) [30, 34] . This would be also applied to the case of PeHNL.
The arrangement of the nitrile group of (R)-MAN
The interactions of the nitrile group of (R)-MAN in PeHNL resembles to those in DtHNL [15] . The protonation of both Glu54 in PeHNL and Asp in DtHNL was proposed [15] . It has been known that the protonation of the carboxyl group is stabilized in the hydrophobic environment by excluding water molecules donating a proton [35] . However, Glu54 forms a hydrogen bond with a water or a salt bridge with Arg56, which may be disadvantageous to the protonation. The two conformations of the guanidine group of Arg56 orienting to or away from Glu54 are observed (Fig. 5) . Arg56 located distantly from the nitrile group (4.5-7.0 A) could electrostatically attract the nitrile group. In contrast, Arg in the active site of DtHNL forms a hydrogen bond with the nitrile group (3.5 A) [15] . It is unknown which conformation is favorable to the enzyme reaction. 
The catalytic mechanism of PeHNL
Based on the results and observations from this study, we have proposed the catalytic mechanism of PeHNL as described here (Fig. 6 ). As evidenced from the crystal structure of unliganded His 6 -PeHNL (Fig. 2B) , in the initial resting state, a water molecule forms hydrogen bonds with His8 and Tyr30 in the active site (Fig. 6A) . Upon the binding of (R)-MAN, the bound water molecule is moved into the small cavity between Ser66 and Try30 (Figs 4 and 6B) . The short hydrogen bond length in the His-Asn dyad (~2.60 A) increases the basicity of His8 to deprotonate the hydroxyl group of (R)-MAN. The hydroxyl group of (R)-MAN forms hydrogen bonds with His8 and Tyr30. The nitrogen lone pair of His8 abstracts a proton from the hydroxyl group of (R)-MAN and the electron released from the hydrogen is received by the carbon atom of the nitrile group. Subsequently, the nitrile group is released as a cyanide ion resulting in the formation of a benzaldehyde (Fig. 6C) . The free cyanide ion abstracts a proton from the protonated His8 and forms hydrogen cyanide. The products, hydrogen cyanide and benzaldehyde, are then released from the active site and the active site returns to the initial resting state (Fig. 6A) . The bound water molecule moves to the small cavity between Ser66 and Tyr30. The nitrile group of (R)-MAN is arranged by the hydrogen bond with protonated Glu54 and the electrostatic interaction with Arg56 located distantly (4.5-7.0 A). The length of the hydrogen bond between His-Nd1 and Asn101-Od1 is short (~2.60 A, shown as hatched line), which would increase the basicity of His8. The nitrogen lone pair of His8 abstracts a proton from the hydroxyl group of (R)-MAN, and the electron released from the hydrogen is received by the carbon atom in the nitrile group, inducing the release of a cyanide ion. (C) Cyanide protonation. The released cyanide ion removes a proton from the protonated His8 to produce a hydrogen cyanide. The aldehyde group of benzaldehyde would form a hydrogen bond with Tyr30, although this interaction was not observed in the crystal structure. Subsequently, the produced benzaldehyde and hydrogen cyanide are released, and a water molecule moves to form hydrogen bonds with His8 and Tyr30 to return to the resting state (A).
319
The In the synthesis reaction of (R)-MAN, the sequence of reactions should proceed in the opposite direction of the mechanism described above. Bauer et al. reported that an ordered uni-bi mechanism occurs in the synthesis reactions mediated by HbHNL, where the carbonyl compound binds first followed by the hydrogen cyanide [36, 37] . In the PeHNL-benzaldehyde complex, the carbonyl group of benzaldehyde points to Glu54 and forms a hydrogen bond with a water molecule (Fig. 4D) . Before cyanide ion binds to the active site, the carbonyl group of benzaldehyde should orient itself to His8 and Tyr30 (Fig. 6C) . After hydrogen cyanide is deprotonated by His8, the cyanide ion nucleophilically attacks the carbonyl carbon of benzaldehyde. The carbonyl oxygen receives an electron and a proton from the cyanide and His8, respectively to generate (R)-MAN (Fig. 6B) .
The His8 in PeHNL acts as a general base to abstract a proton from (R)-MAN and also as a general acid to donate a proton to a cyanide ion. This is in contrast with other HNLs, such as those from glucosemethanol-choline oxidoreductase or a/b-hydrolase families, where separate residues are used as general acid and general base in the catalytic reaction [31, 38] . The dual function of His8 and Glu54 in PeHNL might have been required to evolve as the smallest HNL with a limited cavity size.
Experiment procedures
Protein preparation
The gene for PeHNL from P. edulis var. flavicarpa, without its signal peptide sequence, was cloned into pCold-I vector (Takara Bio, Ohtsu, Japan), with a His-tag peptide (MNHKVHHHHHHIEGRHMEL, 19 aa) attached at the N-terminus [20] . His-tagged PeHNL (His 6 -PeHNL) was expressed and purified as reported previously [20] . The purified His 6 -PeHNL was dialyzed against 10 mM Tris-HCl, pH 8.0, prior to crystallization.
The gene of PeHNLD 107 , where the C-terminal peptide ranging from 107 to 121 amino acids were depleted, was prepared by PCR and cloned as a fusion protein with His-tagged MBP into pET21 vector (Merck KGaA, Darmstadt, Germany). A TEV protease cleavage site was attached between MBP and PeHNLD 107 . After the cleavage by TEV protease, only a glycine residue remained attached to the N-terminus of the recombinant protein. Mutagenesis of PeHNLD 107 was performed by QuikChangeMulti (Agilent Technologies, Santa Clara, CA, USA) with appropriate oligonucleotides. BL21-CodonPlus(DE3)-RIPL cells transformed with the expression plasmid of MBP-fused PeHNLD 107 were cultured in 3 L of 2 9 YT medium at 37°C. MBPfused PeHNLD 107 was expressed with 0.5 mM IPTG induction at 20°C for 16 h. The cells were harvested and suspended in buffer A (20 mM Tris-HCl, pH 7.5, 300 mM NaCl, 20 mM imidazole, and 0.2 mM tris(2-carboxyethyl)phosphine (TCEP) and disrupted by sonication. The disrupted cells were centrifuged at 20 000 g for 30 min. The lysate was applied onto 50 mL of Ni-NTA agarose (Qiagen, Hilden, Germany) and washed thoroughly with buffer A to remove unbound proteins. The bound proteins were eluted with buffer A containing 100 mM imidazole. The fractions containing MBP fusion of PeHNLD 107 (780 mg) were mixed with 6 mg of TEV protease [39] and dialyzed against buffer B (20 mM Tris-HCl, pH 7.5, 100 mM NaCl, and 0.2 mM TCEP) for 2 days at 4°C. The dialyzed proteins were applied onto a 40-mL Ni-NTA agarose column to remove His-tagged MBP and TEV protease as bound fractions. The collected flow-through was mixed with solid ammonium sulfate at 30% saturation and applied to 20 mL of Butyl-Toyopearl resin (Tohso, Tokyo, Japan), equilibrated previously with buffer C (20 mM Tris-HCl, pH 7.5, 1 mM DTT, 1 mM EDTA, and 30% saturation of ammonium sulfate). PeHNL was eluted from the column with a linear gradient of ammonium sulfate. Fractions containing PeHNL were dialyzed against buffer D (10 mM Tris-HCl, pH 8.0, 5 mM NaCl, 0.5 mM EDTA, and 0.2 mM TCEP). The dialyzed proteins were applied to Q-Sepharose (GE Healthcare UK Ltd, Little Chalfont, UK) and eluted by a linear gradient of NaCl from 0 to 250 mM. The fractions containing HNL activity were then applied to 5 mL of amylose resin (New England Biolabs, MA, USA) to remove residual MBP. The collected flow-through was concentrated by ultrafiltration (Amicon Ultra 10K; MerckMillipore, MA, USA) and was subjected to buffer exchange with buffer E (10 mM Tris-HCl, pH 7.5, 5 mM NaCl, 0.5 mM EDTA, and 0.2 mM TCEP). The concentrated PeHNL was frozen in liquid nitrogen and preserved at À80°C.
The gene for heat stable protein 1 (SP1) from Populus tremula (EMBL accession no. AJ276517) was synthesized (GeneArt Gene Synthesis; Thermo Fisher Scientific, Waltham, MA, USA), linked to His-tag at the N-terminus, and cloned into pET21 vector. SP1 was expressed in BL21(DE3) with 1 mM IPTG induction at 37°C for 3 h. The lysate of SP1 was applied to Ni-NTA agarose and eluted with an imidazole gradient. SP1 was dialyzed against buffer E at 4°C for 16 h, concentrated, and preserved as in the case of PeHNL. 
Light scattering
Static light scattering measurements were carried out on a Zetasizer TM Nano ZSP (laser wavelength 633 nm; Malvern Instruments, Worcestershire, UK) at 25°C. The scattering light was monitored at a fixed angle of 173°in backward scattering mode. The molecular mass of PeHNLD 107 was estimated from the intercept of the Debye plot at the various concentrations of PeHNLD 107 in phosphate buffered saline buffer (pH 7.4).
Crystallization
The crystals of His 6 -PeHNL were prepared using vapor diffusion sitting drop method at 20°C in 96-well Intelli-Plates (Art Robbins Instruments, Sunnyvale, CA, USA). Reservoir solution (50 lL) contained 20% (w/v) PEG6000, 200 mM lithium acetate, and 100 mM Bis-Tris-HCl, pH 6.5. The drops were prepared by mixing equal volumes (0.4 lL) of the reservoir solution and a 15 mgÁmL À1 solution of His 6 -PeHNL. The crystals of PeHNLD 107 were also prepared using vapor diffusion sitting drop method at 20°C. The reservoir solution (50 lL) used here contained 21% (w/v) PEG3350, 2.1% (w/v) 1,6-hexanediol, 150 mM NaCl, and 50 mM HEPES-NaOH, pH 7.0. The drops were prepared by mixing equal volumes (0.4 lL) of the reservoir solution and a 15 mgÁmL À1 solution of PeHNLD 107 .
Data collection, processing, model building, and refinement
The crystals of PeHNL were serially soaked for about 30 s each in the reservoir solution containing 10%, 20%, and 30% (v/v) glycerol before subjecting to flash-freezing. Likewise, the crystals of PeHNLD 107 were serially soaked for about 30 s each in the reservoir solution containing 3%, 6%, and 10% (v/v) erythritol prior to flash-freezing. For soaking of (rac)-MAN, the reservoir solution containing saturated (rac)-MAN (~50 mM) was mixed with the mother liquor for~5 min and crystals were serially soaked in a series of cryoprotectant solutions saturated with (rac)-MAN. The crystals were flash-frozen in liquid nitrogen. Diffraction data were collected at cryogenic temperatures using beamline BL-1A equipped with Dectris PILATUS 2M-F detector at KEK synchrotron radiation facility in Tsukuba, Japan (Table 1) . The indexing and integration of diffraction data were performed by XDS [40] , and the scaling was performed by Scala [41] in the CCP4 program suit [42] . The data were processed as monoclinic space group P2 1 . The initial phase was determined by Molrep [43] in the CCP4 program suit using the crystal structure of SP1 (PDB ID: 1SI9) [21] as the template. Six dimer structures were found in P2 1 asymmetric unit (Matthews coefficient 1.91). The model building was performed by Coot [44] and the resulting structures were refined using Phenix and Refmac5 [45, 46] . R free values were computed from 5% of the randomly chosen reflections which were not used for the refinement [47] . Water molecules were placed both manually and automatically into different electron density maps and were either retained or rejected based on the geometric criteria as well as on their refined B-factors (B < 60 A 2 ). Details on the data collection, processing, and structure refinement are summarized in Table 1 . The protein coordinates have been deposited with the Protein Data Bank. All the structural figures were prepared by PyMol [48] .
Measurement of HNL activity
The cleavage activity of PeHNL was determined by measuring the absorbance at 280 nm of benzaldehyde formed from 4 mM (rac)-MAN in 100 mM sodium citrate buffer, pH 4.5, at 25°C as described elsewhere [49] . The synthesis activity of PeHNL was determined as reported earlier with minor modifications [20] . The reaction mixture (200 lL) contained enzyme (0.01 mgÁmL À1 ), 25 mM benzaldehyde, 50 mM potassium cyanide, and 400 mM sodium citrate buffer, pH 4.0. The reaction was started by the addition of potassium cyanide. After incubation at 25°C for 2 min, 80 lL aliquots each of the reaction mix were mixed vigorously with the 720 lL of 85 : 15 (v/v) ice-cold n-hexane : 2-propanol to extract the resultant (R)-MAN. The extracted (R)-MAN was analyzed by HPLC using a CHIRALCEL OJ-H column (particle size, 5 lm; 4.6 mm i.d. 9 250 mm; Daicel, Osaka, Japan) as described elsewhere [20] .
